The softshell turtles (Trionychidae) are one of the most widely distributed reptile groups in the world, and fossils have been found on all continents except Antarctica. The phylogenetic relationships among members of this group have been previously studied; however, disagreements regarding its taxonomy, its phylogeography and divergence times are still poorly understood as well. Here, we present a comprehensive mitogenomic study of softshell turtles. We sequenced the complete mitochondrial genomes of 10 softshell turtles, in addition to the GenBank sequence of Dogania subplana, Lissemys punctata, Trionyx triunguis, which cover all extant genera within Trionychidae except for Cyclanorbis and Cycloderma. These data were combined with other mitogenomes of turtles for phylogenetic analyses. Divergence time calibration and ancestral reconstruction were calculated using BEAST and RASP software, respectively. Our phylogenetic analyses indicate that Trionychidae is the sister taxon of Carettochelyidae, and support the monophyly of Trionychinae and Cyclanorbinae, which is consistent with morphological data and molecular analysis. Our phylogenetic analyses have established a sister taxon relationship between the Asian Rafetus and the Asian Palea + Pelodiscus + Dogania + Nilssonia + Amyda, whereas a previous study grouped the Asian Rafetus with the American Apalone. The results of divergence time estimates and area ancestral reconstruction show that extant Trionychidae originated in Asia at around 108 million years ago (MA), and radiations mainly occurred during two warm periods, namely Late Cretaceous-Early Eocene and Oligocene. By combining the estimated divergence time and the reconstructed ancestral area of softshell turtles, we determined that the dispersal of softshell turtles out of Asia may have taken three routes. Furthermore, the times of dispersal seem to be in agreement with the time of the India-Asia collision and opening of the Bering Strait, which provide evidence for the accuracy of our estimation of divergence time. Overall, the mitogenomes of this group were used to explore the origin and dispersal route of Trionychidae and have provided new insights on the evolution of this group.
Introduction
The softshell turtles are an ancient, unusual, geographically widespread and enigmatic group of turtles that are characterized by highly derived morphological characters, which are considered adaptations to entirely aquatic environments . Extant softshell turtles (Trionychidae) comprise about 31 species and are grouped into 13 genera: Trionyx, Chitra, Pelochelys, Amyda, Nilssonia, Dogania, Palea, Rafetus, Apalone, Pelodiscus, Lissemys, Cycloderma and Cyclanorbis (Turtle Taxonomy Working Group, 2014) , distributed in Asia, North America, Europe, Africa .
The taxonomy and phylogenetic relationship of softshell turtles have been investigated for decades. For a long time, softshell turtles, except for Chitra and Pelochelys, were grouped into a single genus, Trionyx, based on plesiomorphic characters (Gaffney, 1979) . Meylan first presented a comprehensive phylogenetic analysis of living softshell turtles using skeletal morphology and provided diagnoses for the family and all less inclusive taxa (Meylan, 1987) . The results showed that Trionychidae can be divided into Trionychinae and Cyclanorbinae. Furthermore, within Trionychinae, Meylan reclassified the softshell turtles from 3 (Trionyx, Chitra and Pelochelys) to 11 genera and divided these into four tribes: Chitrini, Aspideretini, Trionychini and Pelodiscini. Since the advent of DNA sequencing, phylogenetic studies have been conducted to generate new insights into the phylogeny relationships of softshell turtles Fujita et al., 2004; Krenz et al., 2005; Guillon et al., 2012; Le et al., 2014) . The results of most molecular studies agree with several key features of Engstrom et al. (2004) ideas on softshell turtles phylogeny and support the monophyly of the two subfamilies: Trionychinae and Cyclanorbinae (Meylan, 1987; Engstrom et al., 2004; Krenz et al., 2005; Guillon et al., 2012) , but some molecular studies contradict these findings and instead describe a sister relationship between Lissemys and Dogania Drosopoulou et al., 2012) . Compared to morphological data, molecular studies have rejected the monophyly of Chitrini, Trionychini, Aspideretini and Pelodiscini, and especially Trionyx, which Meylan found to be closely related to Apalone and Rafetus, while molecular studies have established that Trionyx is closely related to Pelochelys and Chitra.
Another issue involves the phylogenetic relationship between Trionychidae and Carettochelyidae. Trionychidae and Carettochelyidae both do not possess horny scutes on their shell, but the anterior limbs of Carettochelys form flippers instead of paddle-like structures as observed in Trionychidae, which is a unique condition among nonmarine turtles (Delfino et al., 2010) . Morphological evidence supports that Trionychidae is the sister group of Carettochelyidae. Moreover, these constitute the monophyletic superfamily Trionychoidae, together with Kinosternidae and Dermatemydidae (Gaffney & Meylan, 1988; Shaffer et al., 1997) . Nevertheless, molecular analysis has generated ambiguous results, with some studies suggesting that Carettochelyidae and Trionychidae are closely related (Fujita et al., 2004; Iverson et al., 2007; Krenz et al., 2005; Shaffer et al., 1997) , whereas others indicate that Carettochelyidae is a highly divergent group and sister to the assemblage of Cryptodira (Krenz et al., 2005; Li et al., 2010; Xiong et al., 2010) .
A wide range of fossils of trionychids from Australia, Europe, North America and Asia have been uncovered by various studies (Hirayama et al., 2000) . The highest number of fossils has been reported in Asia, with most dating back to the Early Cretaceous. Thus, the Asia continent is regarded as the ancestral area of trionychids (Hirayama et al., 2000; Joyce & Lyson, 2010; Scheyer et al., 2012; Danilov & Vitek, 2013) ; however, how softshell turtles dispersed to the other continents remains elusive (Le et al., 2014) . The fossil record has facilitated the estimation of divergence times of turtles (Near et al., 2005; Dornburg et al., 2011; Lourenc ßo et al., 2012; Joyce et al., 2013) . Le et al. (2014) estimated that softshell turtles dispersed from Asia during the Eocene epoch. However, their study used only one fossil, thereby suggesting that the phylogenetic placement of Carettochelys insculpta might be incorrect. Therefore, the dispersal routes of softshell turtles should be studied anew, in combination with a reconstruction of their ancestral area and estimation of their divergence times.
Complete mitogenomes have been used to explore the phylogenetic relationships of various vertebrate groups (Okajima & Kumazawa, 2010; Duchêne et al., 2011; Duchene et al., 2012) . Compared to individual mitochondrial regions and nuclear markers, the use of mitogenomes has improved phylogenetic reconstruction by providing stronger branch support and more accurate divergence time estimation (Okajima & Kumazawa, 2010; Duchêne et al., 2011) . In addition, evolutionary reconstructions based on the entire mitogenome facilitate genome characterization, estimation of rates of evolution and assessment of evolutionary rates across various genomic regions (Danilov et al., 2011) , thereby providing novel insights into the molecular phylogenetic relationships of softshell turtles. In the present study, we assembled 35 mitochondrial genomes of turtles, including 10 newly sequenced species within Trionychidae. The goals of this study are as follows: (i) to infer the phylogenetic relationships of softshell turtles using whole mitochondrial genome sequences, (ii) to calculate divergence times for extant softshell turtles, (iii) to reconstruct ancestral areas and (iv) to explore the possible dispersal routes of this group.
Materials and methods

Taxon sampling and geographic coverage
A total of 10 softshell turtles samples were sequenced and combined with GenBank sequences of Dogania subplana, Lissemys punctata, Trionyx triunguis (Table 1) , which cover most of the genera of Trionychidae, except for Cyclanorbis and Cycloderma. To study the phylogenetic relationship between Trionychidae and other turtles, we downloaded the mitogenome sequence of Kinosternon leucostomum, Sternotherus carinatus (Kinosternoidea) and seven other turtle taxa from GenBank. The selected representative species for each taxonomic group are presented in Table 1 . Two Crocodylia species, namely Mecistops cataphractus and Osteolaemus tetraspis, were used as outgroup to study the phylogenetic relationship between Carettochelyidae and Trionychidae.
We compiled the distribution data of Trionychia species from the literature (Turtle Taxonomy Working Group, 2014) (Data S1) and assigned the included taxa to the respective ranges. Widespread species were assigned to more than one area (Table 1) . To study the possible dispersal routines of this group, the distribution ranges of Trionychia were divided into six areas ( Fig. 1) : A (East/South-East Asia), B (Insular SouthEast Asia, including the Malay Peninsula), C (the Indian subcontinent), D (Australia, including New Guinea), E (Africa), F (North America). The area coding was based on the classification described by Li et al. (2013) , and the map was downloaded from the open database of The World Factbook.
Genomic DNA extraction, amplification and sequencing
All procedures involving animals and their care were in accordance with the NIH (National Institutes of Health) guidelines (NIH Pub. No. 85-23, revised 1996) and Note: A-F are distributions of extant trionychid in Fig. 1 .
approved by the Animal Care and Use Committee of Anhui Normal University (Approval No. 20130710) . Tissue samples were collected from the tails of live turtles or collected from preserved tissues in our laboratory. Genomic DNA extraction was performed using the phenol/chloroform proteinase K method. Approximately 100 ng of purified DNA was used as the template for PCR amplification of the mitochondrial DNA in a total reaction volume of 25 lL, which consisted of 1.25 U Taq DNA polymerase, 2.5 lL of 109 PCR buffer, 1.5 mM of MgCl 2 , 0.4 mM of each nucleotide and 0.4 mM of each primer. All consensus primers designed for the turtles used in the present study are presented in Table 2 . PCR cycling was performed as follows: predenaturation at 94°C for 2 min; followed by 34 cycles of 94°C for 40 s and 54-58°C for 60 s; and a final an extension at 72°C for 2 min. PCR products were checked for size by 1% agarose gel electrophoresis and then purified using an Axygen DNA Gel Purification Kit (Corning, NY USA). Finally, the purified PCR products were cloned into a pUCm-T vector and then transformed into Escherichia coli DH5a cells. Plasmids extracted from single clones were sequenced on an ABI 377 automatic sequencer (Sangon Biotechnology Co., Ltd., Shanghai, China) by sequencing both the forward and reverse strands.
Sequence assembly and alignment
Contigs of the mitogenomes were assembled using Geneious v 4.7, followed by gene identification and annotation. Complete inspection of individual gene coverage . AAAGCACAACACTGAAGATGC  TTTCATCTTTCCTTGCGGTAC  P2  AAAGCATTCAGCTTACACCTGA  AAGTTCCACAGGGTCTTCTCG  P3  GTCTCTTACAAATAATCAGTGA  AGATTAGGTATATTGGTTCTTG  P4  ACCTGACAAAAACTAGCCCCA  ACTATTCCTGCTCAGGCHCCG  P5  THTTCTCYACYAACCAYAAAG  AAATCCTGCTATRATRGCGAA  P6  AAACAGACGCARTCCCAGGACG  GTTATTAGTAGTGCTGCTGYTGC  P7  AGTACAAATGACTTCCAATCA  TTTGRTTWCCTCATCGTGTG  P8  AGGATAGAAGTAATCCAATGG  TATCTTTCGRATGTCTTGTTC  P9  AACCACCGTTGTATTCAACTA  CAATCTTTGGTTTACAAGACC  P10  GGAGGACAACCAGTAGAAAACCCA  ATTGGCTACACCTTGACCTGAC  P11  TCCGGTTGAGCAGCTTCAAACTC  GTAGTTGGGTTTGGTTTAATCC  P12  GCTATCCCCAACAGGAGTAAAAG  GCTATCCTGTTTAGCTTCTATAG  P13  GCCGCTACCTACAAGAAAAC  GAARAATCGAATTGAGAATGG  P14  AGCAGCCTCCATCCTWTACTT  CAGTCTCATTGAGTYGGCAG  P15  GAACCCCTATCACGAAAACG  GCTGTTTTTACGGCTGTTTTTG  P16 CATACACGCMTTCTTYAAAGC CTAATAGTGATCCGAAGTTTCAT Table 2 Consensus primers used in this study.
and reading-frame matching were examined in each of the new mitogenomes. Protein-coding genes and RNA sequences were extracted from the complete genome sequences. The D-loops in the data set were ignored because they were difficult to align due to their high variability. Protein-coding genes were then aligned using TranslatorX (Abascal et al., 2010) . RNA sequences (rRNAs and tRNAs) were aligned by RNAsalsa (Stocsits et al., 2009 ) based on its secondary structure. After protein-coding genes, rRNAs and tRNAs were, respectively, aligned, problematic regions were removed using Gblocks 0.91 (Talavera & Castresana, 2007 ) using a relaxed approach with the options 'Minimum Length of A Block' = 10 (5 for RNAs) and 'Allowed Gap Positions' = With Half. The individual alignments were then concatenated using the software MEGA 6.0 (Tamura et al., 2013) to create a master alignment of all sequences. Finally, a total of 14 017 bp of the protein-coding genes, tRNA genes and rRNA genes were unambiguously aligned, which encompassed approximately 91% of the mitogenome.
Data partitions and phylogenetic analysis
Considering the differences in evolutionary rates of various genes, PartitionFinder (Lanfear et al., 2012) was used to select partition schemes and substitution models. For both Bayesian inference (BI) and maximumlikelihood (ML) analyses, we evaluated six different partitions schemes of the mitochondrial genome: (1) no partition (M0); (2) four partitions (protein-coding genes, 12S rRNA, 16S rRNAs and tRNAs) (M4); (3) five partitions, identical to M4 but with the protein-coding genes separated into two different partitions, namely (i) codon positions 1 and 2, and (ii) codon position 3 (M5); (4) six partitions, consisting of three partitions for the two rRNAs (12S and 16S) and the tRNAs, and three partitions for the three codon positions of the protein-coding genes (M6); (5) fifteen partitions, where the protein-coding genes were treated as independent partitions (M15); (6) 39 partitions, where the different codon positions of each protein-coding gene were treated as separate partitions, plus the 12S rRNA, 16S rRNA, and tRNA partitions (M39). A model was selected using the Bayesian information criterion (BIC) 
based on its superior performance compared to similar methods (Luo et al., 2010) . The variable sites and the parsimony-informative sites of each data partition across all taxa were evaluated (Table 3) . Phylogenetic relationships were inferred using ML and BI under a best-fit partitioning scheme. The most appropriate model of nucleotide evolution was independently estimated for each partition (Table 3) . ML trees were calculated using RAxML version 7.2.6 (Stamatakis et al., 2008); and for each partition scheme, 50 independent ML inferences (Pattengale et al., 2009 ) using a GTR + Γ model were run to estimate the best topology. A rapid (-f a -x) option with 1000 replications was performed to assess support of different nodes (Stamatakis et al., 2008) . We regarded bootstrap values of ≥ 70% as strong support and values of < 70% as weak support (Stamatakis et al., 2008) . Bayesian phylogenetic analyses were run in using MrBayes 3.2.1 (Nylander et al., 2004) using the Markov chain Monte Carlo algorithm. Two independent analyses were run simultaneously with four Markov chains that were run for 20 million generations and sampled every 1000 generations. The stationary point was reached when the potential scale reduction factor (PSRF) equalled 1, and trees generated before log-likelihood scores reached stationarity were discarded; the remaining tree was used to construct a 50% majority rule consensus tree with posterior probability (PP) distribution. Posterior probabilities of ≥ 95% were regarded as strong support.
Over the past years, taxon sampling of phylogenetic analyses has been under intense scrutiny (Hillis et al., 2003; Nabhan & Sarkar, 2011) . Therefore, we also tested the influence of taxon sampling in resolving the relationships of Trionychidae. We assembled a data set that only included Trionychidae, Carettochelyidae, Pleurodira and the outgroups. We then compared the results of our original data set and the reduced data set. Phylogenetic analyses were also, respectively, run using RAxML version 7.2.6 and MrBayes 3.2.1 as described earlier.
Divergence time estimation and ancestor area reconstruct
Divergence time estimation was performed using BEAST 1.8.1 (Drummond & Rambaut, 2007) under a relaxed-clock method (Drummond et al., 2006) . Tree prior categories were set to the Yule Process. The Markov chain Monte Carlo was run for 150 million generations and sampled every 1000 generations. Two independent runs were performed to confirm the convergence of the analysis. Divergence time estimation was calibrated by three turtle fossils (nodes 3, 5 and 6, Fig. 3 ). The oldest crown group of Cryptodire is Sinaspideretes and apparently Oxfordian in age (Tong et al., 2012; Tong & Ouyang, 2013) , so the age of node 3 was estimated to be 163.5 MA, with a 95% confidence interval of 167.3 to 156.3 MA. The node 5 was estimated to be 120 MA, with a 95% confidence interval of 114 to 134 MA, and the node 6 was estimated to be 109 MA, with a 95% confidence interval of 104 to 122 MA, referring to fossil taxa and ages setting parameters of Dornburg et al. (2011) .
Ancestral area reconstruction was inferred using Lagrange analysis and Bayesian binary MCMC (BBM) analysis, as implemented in RASP v2.1. The maximum number of areas was kept at 2. The ancestral ranges obtained by BBM and Lagrange analysis are shown in Fig. 4a and Data S2, respectively.
Results
Characteristics of the mitochondrial genomes
Contig assembly performed in the present study yielded complete mitogenomes with lengths ranging from 16 439 to 17 364 bp (Table 1 ). All complete mitogenomes encoded for 2 rRNAs, 22 tRNAs, 13 protein-encoding genes, a highly variable control region (D-loop). The arrangement of mitogenes was in agreement with the general features of vertebrates. Variable sites (VS) and parsimony-informative sites (PIS) across all taxa and within Trionychoidea are presented in Table 3 .
The major phylogenetic relationships of Trionychidae
Partitions using BIC comparisons in MrBayes strongly supported the model with five partitions (M5), which consisted of two partitions for rRNAs (12SRNA and 16SRNA), one for tRNAs and two partitions for the protein-coding genes (pos1 + 2 and pos3). Partition scheme M5 (BIC = 362 532) was favoured over M6 (BIC = 362 651), M6 was favoured over M1 (BIC = 368 948), M1 was favoured over M4 (BIC = 369 074), M4 was favoured over M16 (BIC = 371 525) and M16 was favoured over M39 (BIC = 373 422). The same results were obtained using the option 'model = raxml', which showed that M5 < M6 < M1 < M4 < M16 < M39. Based on these findings, M5 was selected as the best-fit model.
Phylogenetic trees obtained using the Bayesian and ML methods are depicted in Fig. 2 . The topologies of the ML and BI trees were identical; thus, we present bootstrap support (BP) and posterior probability (PP) together on the BI trees. The Bayesian clade credibility values (PP) across the entire tree were high, with only one node < 0.95. In contrast, the ML bootstrap (BP) values were relatively low in several nodes across the tree. Within Trionychoidea, only one node was weakly supported in the ML analysis, wherein the sister taxon relationship between the Asian Rafetus and Asian groups of Pelodiscus + Palea + Amyda + Nilssonia + Dogania showed < 70% bootstrap support.
Both Bayesian and ML analyses supported the monophyly of Cryptodira and Pleurodira (BP = 100,
. Carettochelyidae lies within Cryptodira and has a sister group relationship with Trionychidae (BP = 89, PP = 100), thereby forming Trionychia, which is monophyletic, and establishing a sister group relationship with the other Cryptodires. Within Trionychidae, our tree agrees with most of findings of Engstrom et al. (2004) , including the monophyly of Trionychinae and Cyclanorbinae (BP = 100, PP = 100), and the sister taxon relationship of Trionyx with the South-East Asian giants, Pelochelys and Chitra (BP = 100, PP = 100). However, we find that our study disagrees with the sister group relationship between the Asian Rafetus and the American Apalone, in that the Asian Rafetus was grouped with the Asian clade, including Pelodiscus, Palea, Amyda, Nilssonia and Dogania. Therefore, this group has a sister taxon relationship with the American Apalone. Together, the ML and BI analyses strongly support the monophyly of the Cyclanorbinae and Trionychinae, and three major clades within Trionychinae.
To investigate the influence of taxon sampling in our data set, we analysed an additional data set that only included Trionychidae, Carettochelyidae, Pleurodira and the outgroups. ML analyses detect no differences between the reduced data set and our original data set. On the other hand, BI analyses support the sister taxon relationship between the American Apalone and the Asian Rafetus in the reduced data set, whereas our original data set grouped the Asian Rafetus with the Asian clade, which included Pelodiscus, Palea, Amyda, Nilssonia and Dogania (Data S3, Figs 1 and 2).
Divergence time estimation and ancestral area reconstruction
Divergence time estimation and ancestral area reconstruction were analysed using the best-fit scheme. After running 150 million generations, effective sample size (ESS) values were checked using Tracer v1.6, which indicated that all ESS values were of > 200. Final divergence times were generated using the software Tree Annotator v1.8.0. Divergence times for all nodes are presented in Table 4 . The divergence time between Trionychidae and Carettochelyidae were estimated at 146.81 MA (95% HDP = 126.66-173.71). The most recent common ancestor of living Trionychidae was 108.77 MA (95%HPD = 102.25-119.11), and the massive diversification events were mainly focused on two periods, namely Late Cretaceous-Early Eocene and Oligocene (Fig. 3, red shadow) . Taken together, almost all speciation events within each genus apparently occurred in the last 65 million years, particularly in the last 43-65 and 30 MA.
The results of ancestral area reconstruction of softshell turtles are shown in Fig. 4a and Data S2. Both BBM and Lagrange analyses conjectured that A (East/ South-East Asia) is an ancestral area of extant softshell turtles. Dispersal and vicariance events played an important role in the evolution of the softshell turtles. Based on the results of ancestral area reconstruction, several dispersal and vicariance events were responsible for the evolution of Trionychidae. First, the last common ancestor of the extant Lissemys species lived in East/South-East Asia (Node 51), and Lissemys then dispersed to India. Second, within Trionychinae, an early dispersal event from East/South-East Asia to India and Africa (Node 49) occurred, which may have then been followed by a second invasion of India (Node 48). Third, the last recent common ancestor of the extant Apalone species lived in East/South-East Asia (Node 46), and Apalone then spread to North America. Lastly, a dispersal event from East/South-East Asia to Insular South-East Asia (Node 42) occurred. These four distinct routes may have been responsible for dispersal of softshell turtles to other continents (Fig. 4b) .
Discussion
Phylogenetic relationships of softshell turtles
The topologies obtained by ML and BI analyses were identical and well supported, except for the sister taxon relationship of the Asian Rafetus with the Asian groups of Pelodiscus + Palea + Amyda + Nilssonia + Dogania, which showed a relatively weak support of 0.58 in the ML analysis but strong support (PP = 0.99) using BI analysis. The Bayesian posterior probabilities were generally substantially higher than the bootstrap frequencies (Erixon et al., 2003) . Theoretical and empirical studies showed that BI yielded significantly higher support values than ML bootstrap values. In particular, Bayesian posterior probability has a greater sensitivity to signals and is able to attach very high posterior probabilities, whereas bootstrapping methods often underestimate confidence in tree topologies with short branches (Alfaro et al., 2003) . Gaffney & Meylan (1988) assessed the Trionychoidea and recovered (Kinosternidae + Dermatemydidae) as the sister group of (Trionychidae + Carettochelyidae) and applied the name Trionychoidae to a clade containing them all. Phylogenetic analyses show that Trionychidae is the sister taxon of Carettochelyidae (BP = 1, PP = 1). In addition, Trionychidae and Carettochelys form Trionychia, which is the sister taxon of all other hidden-necked turtles, whereas no close relationship with Kinosternidae was observed.
Our analysis supports the monophyly of Trionychinae and Cyclanorbinae. The main characteristic of Cyclanorbinae that distinguishes it from Trionychinae is that the former can hide their feet under flaps of skin that project from the plastron . Our results were also in agreement with the findings of Meylan (1987) , who described 12 morphological autapomorphies of Cyclanorbinae and an additional 9
for Trionychinae, which in turn strongly support the monophyly of the two subfamilies (Meylan, 1987 Support value BP/PP Pelomedusa subrufa Fig. 2 Cladogram generated using maximum-likelihood (ML) and Bayesian analyses. The numbers before the slash indicate ML bootstrap values (BP). The numbers after the slash represent Bayesian posterior probability (PP) values.
Trionyx and Chitra + Pelochelys (BP = 1, PP = 1); it is in agreement with the morphological feature of having a larger body size. Engstrom et al. (2004) previously determined the taxonomic relationship between Trionyx and Chitra + Pelochelys using introns, yet could not support this using mtDNA. One major discrepancy between the results of our analysis and those of previous studies (Meylan, 1987; Engstrom et al., 2004; Guillon et al., 2012; Le et al., 2014) on softshell turtles systematics is that our mitogenomic tree indicates that the Asian Rafetus is the sister taxon of the Asian group Pelodiscus + Palea + Amyda + Nilssonia + Dogania instead of the North American Apalone. Recent studies have shown that incomplete taxon sampling is a major concern in generating phylogenetic inferences and can often be misleading; therefore, extensive taxon sampling significantly increases the accuracy of phylogenetic estimations (Pollock et al., 2002; . Our comparison analyses between reduced and original data sets by BI and ML methods has indicated that insufficient taxon sampling was likely the reason behind the discrepancies in the phylogenetic placement of Rafetus (Data S3).
The divergence times and spread of softshell turtles Both BBM and Lagrange analyses suggest that the extant softshell turtles originated in East/South-East Asia at around 108 MA; this is consistent with the earliest fossil record of the family (Danilov & Vitek, 2013) and supports the hypothesis that trionychids evolved somewhere in Asia (Hirayama et al., 2000; Joyce & Lyson, 2010; Scheyer et al., 2012; Danilov & Vitek, 2013) . The divergence time between Trionychidae and Carettochelyidae was estimated to be at around 146 MA, and the Carettochelyidae currently contain only one species, Carettochelys insculpta, which is distributed in Australia and New Guinea (Area D, Fig. 1) . Previous studies have shown that Carettochelyidae was widely distributed (Hirayama et al., 2000; Karl et al., 2006; Joyce, 2014) , and no subspecific differentiation events occurred between the Trionychidae and Carettochelyidae in Papua New Guinea and Australia (Depecker et al., 2006) . We infer that the split between these two groups occurred in Asia, and the Australian population probably emerged from a recent invasion via Insular South-East Asia to New Guinea and Australia (Area B and Fig. 4b) .
The results of the present study also suggest that diversification within Trionychidae corresponds well to two global warming periods: Late Cretaceous-Early Eocene and Oligocene (Fig. 3) . During the Late Cretaceous, the crown of Trionychidae started to diversify in Asia, which is consistent with the fact that the Cretaceous served as the period for the early diversification and evolution of the trionychids (Danilov & Vitek, 2013 ). This finding is well supported by the Cretaceous fossil record of Asia, particularly in three principal areas, the palaeogeographically inland area (northern China, Mongolia), the palaeogeographically western coastal region (Uzbekistan, Kazakhstan, Kyrgyzstan) and the palaeogeographically eastern costal area (Japan) (Danilov & Vitek, 2013; Danilov et al., 2014) . Subsequently, with the evolution of the crown group of Trionychinae, dispersal out of Asia occurred during the Late Cretaceous-Early Eocene (Fig. 4a, nodes 42 , 46, 49 and 51), including a dispersal to North America, which may have caused the divergence between Apalone and Rafetus + Pelodiscus + Palea + Nilssonia + Amyda at around 76 MA; a dispersal to Africa via western Asia, which resulted in the divergence between Trionyx and Chitra + Pelochelys at around 63 MA; and a dispersal from South-East Asia to Insular South-East Asia, which caused the divergence of Palea and Amyda + Nilssonia + Dogania at around 53 MA. During the oligocene, the softshell turtles continue to evolve, including the split between Nilssonia and Amyda at around 28 MA, and Apalone ferox and Apalone spinifera at around 27 MA.
Timing of dispersal events associated with geographic events
During the evolution of the softshell turtles, we estimated the split between Apalone and Rafetus + Pelodiscus + Palea + Nilssonia + Amyda to be at around 76 MA. Fossils of Aspideretoides (Vitek & Danilov, 2010) , which is otherwise only known from the CampanianMaastrichtian of North America, are recognized in the 
Santonian-early Campanian of Asia and have served as evidence of the dispersal from Asia to America. The Beringia landbridge is the most probable migration route for this dispersal. A previous study has indicated that the Bering Strait formed about 100 MA and opened periodically during warm periods until the Danian (61.6-66.0 MA) (Zakharov et al., 2011) , and was used by different groups of organisms to invade North America during these particular periods, including turtles (Sanmartin et al., 2001; Danilov et al., 2011 Danilov et al., , 2014 Le et al., 2014) . Moreover, Patton (Patton & Tailleur, 1977) suggested that east-west compression of North American and Eurasian continents shortens the crustal distance between the North American and Eurasian continents during late Mesozoic or early Cenozoic times, facilitating indirect contact between these continents and providing a route for the ancestor of Apalone to North America (Fig. 4b) ; this is roughly in agreement with our estimation for the data when an ancestor of Apalone invaded North America. In addition, thermal maximum made Beringia habitable for softshell turtles (Zachos et al., 2001 ).
Ancestral area reconstruction shows that the ancestor of Chitra indica might have invaded India twice, with the ancestor arriving at around 63 MA (node 49), followed by a second event at around 45 MA (node 48). The position of the Indian plate as it moved northwards has been under intense scrutiny and debate for decades, and the time of the India-Asia collision has been estimated to range from 65 to 38 MA (Beck et al., 1995) . Previous study has suggested that prior to the final collision of India with Eurasia, a Palaeogene biogeographic link existed between South-East Asia (SE) and India. Ali & Aitchison (2008) proposed that India's northward passage towards Asia involved the north-east corner of the subcontinent coming into contact with Sumatra and Burma from~57 MA ago (late Palaeocene), which was followed by a hard collision (~35 MA) with Asia. A recent study has found European affinities co-existed with relict taxa from Gondwana before the India-Asia collision in and suggested that India had not yet collided with Asia at 54.5 MA (Smith et al., 2016) . Our results support that the position of India was in the north and might have come in contact Table 4 . The black curve in the inset represents the temporal variation in the global mean surface temperature from 70 MA to today (Zachos et al., 2001) . The light red columns represent the accelerated diversification events and global warming episodes.
with Asia twice, the first occurred at around 63 MA, which allowed the ancestor of Chitra indica to enter the Indian plate, followed by its northward drifting along the SE direction until its final hard collision with Asia, which in turn caused the divergence between Chitra indica and Pelochelys cantorii (~45 MA) and between Lissemys punctata and Lissemys scutata (~43). The respective estimated divergence times of these two time points of contact were at around 45 MA and 43 MA, which were in rough but reasonable agreement with the hard collision.
Conclusions
We provide a hypothesis for the comprehensive phylogeny of softshell turtles, as well as the divergence time and ancestral area reconstruction using mitogenomes, thereby providing a novel and better understanding of the evolution of this ancient group. The results of ancestral area reconstruction and divergence estimation imply that the softshell turtles originated in Asia at around 108 MA and dispersal and vicariance may have played an important role in the evolution of this group. In addition, we find that the evolution of softshell turtles accelerated their dispersal out of Asia, which corresponded to two episodes of warm climate, namely the Late Cretaceous-Early Eocene and Oligocene. Furthermore, the divergence times estimated here are in agreement with associated geographic events, thereby serving as evidence for the accuracy of our method of estimation of divergence time. 
